The purpose of this study was to evaluate the ability of electrical stimulation (2,500-Hz sine waves, interrupted for 50 pulsed bursts per second) to improve muscle torque using low-dosage training characteristics. Fifteen healthy subjects (9 men, 6 women), 20 to 32 years of age, participated in the experiment. All subjects received electrical stimulation of the right anterior thigh musculature while their left leg served as the control. Electrical stimulation was repeated eight times per session, each stimulation producing isometric torque equal to 50% of the subject's maximum voluntary isometric contraction. The sessions were repeated twice a week over a period of five weeks. Results showed that electrical stimulation, when used with the specified low-dosage training characteristics of this study, will augment quadriceps femoris muscle torque of men.
Electrical stimulation (ES) is effective for augmenting torque of healthy muscle [1] [2] [3] [4] [5] [6] and for assisting the recovery of muscle function after certain orthopedic injuries. [7] [8] [9] [10] [11] Electrical stimulation programs designed to augment muscle torque may be characterized by 1) current waveform, 2) intensity of stimulation, 3) frequency of pulses (in hertz), 4) number of contractions per session, 5) number of sessions per week, and 6) total number of sessions. Although these ES program characteristics have varied among studies, the reported results have been similar (ie, torque augmented by ES). No study, however, has explored the optimization of ES programs.
Symmetrical biphasic (sine) 2, 3, 6 and asymmetrical biphasic (faradic) 1, 4, 5 waveforms have been used in ES programs. These ES programs have successfully augmented voluntary torque of healthy (innervated) muscle and assisted the recovery of muscle function in orthopedic conditions. 7, 12 In an effort to improve muscle torque, some investigators have chosen intensities of ES by subjective sensation experienced by the subject. 5, 8, 9, 11 Others have preselected stimulation intensities that produce specific torque levels of muscle contraction ranging from 60% to 87% of maximum voluntary contraction (MVC). [3] [4] [5] [6] In these same studies, the frequency of pulses has varied from 50 to 2,000 Hz. These frequencies produced fused tetanic contractions in muscles and, when coupled with sufficient ES intensities (eg, producing contractions equivalent to 33% 2 or more [3] [4] [5] [6] of MVC), augmented the torque production of healthy muscle.
The number of electrically induced contractions has remained relatively consistent among the reported studies. Most investigators have used 10 muscle contractions (repetitions) per exercise session with the exception of the study of Liu et al who examined the effects of 6, 8, and 10 repetitions on augmenting muscle torque. 13 Liu et al indicated that 8 electrically induced isometric contractions, each producing a torque equal to 50% or more of MVC, were sufficient to improve muscle torque in both men and women. The number of exercise sessions reported in the literature has varied from two 1, 5 to five per week, 2,9-10 and the total number of sessions has varied from 10 1,4,5 to 25. 2 Table 1 summarizes these ES program characteristics used in previously reported studies in which augmentation of muscle torque was successfully achieved and lists the ES characteristics of this study.
The purpose of this study was to evaluate the capability of ES using low-dosage training characteristics to augment voluntary torque of healthy muscle. We chose an ES program consisting of a stimulus intensity of 50% of MVC, 50 pulsed bursts per second, 8 muscle contractions per session, and 2 sessions per week for 5 weeks (total of 10 sessions). These ES program characteristics combine many of the low-dosage program characteristics reported by others. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The ES features were chosen because of their previously reported success in augmenting muscle torque 2, 3, 6, 13 and because of the state-ofthe-art instrumentation used in this study. We hypothesized that the specified low-dosage program of ES outlined above would augment voluntary torque of the quadriceps femoris muscles of both men and women subjects but would have no effect on their knee flexor muscle torque.
METHOD Subjects
Fifteen healthy subjects (9 men, 6 women), 20 to 32 years of age (X = 25.2 years), participated in the experiment on a voluntary basis. All subjects gave their written consent after they were informed of the purpose of the study, the testingtraining procedure, and the risk factors of the experiment.
Procedure
Pretreatment. All subjects participated in two familiarization sessions to enhance their understanding of the testing procedure that was followed in session three. These pretreatment sessions were conducted to reduce any change in torque production that might occur simply because of lack of familiarity with the testing equipment and procedure. During the third session, pretreatment isometric torque measurements were recorded by means of a Cybex ® II isokinetic dynamometer* during MVCs of the subjects' right and left knee extensor and flexor muscles. Subjects sat on the testing-training chair with their tested hip and knee in a static position of 60 degrees of flexion. This exercise position has been shown to be reliable for yielding maximal knee torques. 14, 15 The subjects were allowed to grasp the handles along the sides of the testingtraining chair during the MVC torque determinations. The axis of rotation of the dynamometer was aligned with the anatomical axis of rotation of the tested knee, and the torque arm was adjusted to 0°/sec (isometric contraction). Subjects were asked to perform three isometric MVCs with each leg producing maximal knee extension then flexion in succession without influence by the investigators in any manner. The resultant torques were transcribed by a chart recorder (damping set on 2), then converted to newton-meters. The greatest torque reading of the three attempts was accepted as the MVC. These procedures were repeated for both the experimental and control legs of the subjects before the ES was applied to the right leg. During the application of ES to the right leg and while testing the torque of each leg, the nontrained-nontested leg was allowed to hang unconstrained over the edge of the testing-training chair to prevent isometric contractions for stabilization.
Training and posttreatment. One stimulating electrode (8-cm diameter, flexible carbon) was placed on the subject's skin over the femoral nerve at the femoral triangle, and the other identical electrode was centered over the thigh 10 cm proximal to the superior border of the patella. Sponges moistened with tap water and placed between the skin and the electrodes served as a conductive coupling. The electrodes were secured by circumferential elastic straps.
An Electrostim ® 180-2 stimulator † was used to produce the ES. The unit produced individual sine waves at a carrier frequency of 2,500 Hz automatically delivered in 50 pulsed bursts per second with a 10-msec "on" time and a 10-msec "off' time. Electrical current intensity sufficient to produce isometric torque scores on the dynamometer equal to 50% (current = 40 mA) of the pretreatment isometric MVC was determined during the third pretreatment session, and this stimulus intensity was used subsequently for each training session.
During each training session, eight fused tetanic isometric contractions were induced in the right quadriceps femoris muscle of each subject. Each contraction lasted for 15 seconds, during which time the intensity ramped for 5 seconds, then peaked for 10 seconds. Two sessions of ES were administered each week for a period of five weeks (total of 10 training sessions). Subjects were instructed to refrain from assisting with the right quadriceps femoris muscle contractions produced by ES.
Following the 10 ES training sessions, all subjects' right and left legs were remeasured similarly to pretreatment conditions for knee extensor and flexor muscle torque. Recorded torque values were used for the data analysis.
Data Analysis
The experimental design included a pretreatment, a training (treatment), and a posttreatment procedure. The subjects were separated by sex for analyzing the torques of both knee extensor and flexor muscles of their right (experimental) and left (control) legs.
A paired t test 16 was performed to determine whether the mean torque values of the experimental and control knee extensor muscles were statistically similar at pretreatment for both male and female groups. Because no difference in mean knee extensor torque values was revealed statistically, no adjustments for pretreatment parity were made to these values. A similar t test was performed on the mean torque values RESEARCH of the right and left knee flexor muscles of the subjects. The results revealed that the right and left knee flexor muscle torque values of both men and women were significantly different at pretreatment. To compare the relative posttreatment torque values of the knee flexor muscles among right and left legs, analyses of covariance (ANCOVAs) were performed separately for men and women because of the unequal pretreatment torque values between right and left knee flexor muscles of men. In each ANCOVA, the covariate was the pretreatment torque value.
Additionally, a 2 (side = right, left) × 2 (time = pretreatment, posttreatment) × n (subjects) factorial analysis of variance with repeated measures on both factors (side, time) was performed separately for male and female groups using torque values produced by the knee extensor muscles as the dependent variable. A .05 probability level was used for all tests of statistical significance.
RESULTS
The pretreatment and posttreatment mean torques, standard deviations, and mean torque changes are presented in Table 2 . After five weeks of training with electrically induced contractions, the stimulated knee extensor muscle of the men showed the largest increase in torque. Table 3 reveals a significant interaction between time (pretreatment vs posttreatment) and side (right vs left) factors. Interaction is a measure of the nonadditivity of the main effects analyzed (time and side). That is, ES produced a relatively higher mean torque of the right knee extensor muscles for men than for women; therefore, the two variables (time and side) interact over time (10 sessions) with training (ES at 50% of MVC). The significant interaction supersedes the main effects in interpretation because of their nonadditivity. The relative positions of the mean torque values of the right and left legs of the men were reversed over time between pretreatment and posttreatment measurements. Examination of Table 2 indicates that the relative position of the mean torque of the left knee extensor muscles of the men was larger than that of the right knee extensor muscles at pretreatment, but because of the ES training of the right thigh muscles they exceeded the mean torque values of the left leg at posttreatment measurement. We found no significant difference in torque production between right and left sides nor between pretreatment and posttreatment measurements for the female subjects (Tab. 4). No significant change was found over time (pretreatment vs posttreatment) or between right and left legs of the mean torque production of the knee flexor muscles of the male and female subjects (Tabs. 5, 6). When posttreatment mean torque values of knee flexor muscles were adjusted by ANCOVA for pretreatment inequity, the ES training of the right knee flexor muscles had no effect on the knee flexor muscles of either leg. Several subjects reported muscle soreness in their right anterior (electrically stimulated) thigh musculature after the first or second training session. The soreness was no longer present after the second or third treatment.
DISCUSSION
The significant time-side interaction implies that the right quadriceps femoris muscle produced a relatively higher torque after training than that of the nontrained left leg of men over time. The pretreatment positions of the mean torque values of the right and left knee extensor muscles of the male subjects were reversed when measured at posttreatment because of the influence of ES on the right leg. The occurrence of a larger mean torque value for the extensor muscles of the left knee than for the right knee at pretreatment was probably a coincidence. Nevertheless, the ES was an effective agent in enabling the right quadriceps femoris muscles to produce more torque after than before training.
Studies cited by Atha 17 involving volitional isometric exercise reported a 1.8% to 12.0% per week strength increase for subjects who exercised at a higher load than those in our study. The mean torque gain of 4.8% per week for the right knee extensor muscles in men in our study is within this previously reported range of weekly strength improvement. The ranges of statistically nonsignificant knee extensor muscle torque increase (0.8%-2.6% per week for women) and knee flexor muscle torque increase (3.6%-8.6% per week for men and women) were less than the statistically significant change in right knee extensor muscle torque for men (4.8% per week) induced by the ES training. This change in the extensor muscle torque of the male subjects lends support to the training effect of ES at our specified low dosage. a p < .05. 
NS
The increase of right knee extensor muscle torque for men in our study compares favorably with Fahey et al (2% per week), 18 Currier and Mann (2.8% per week), 3 and Laughman et al (4.4% per week), 2 all of whom showed that ES is effective in increasing voluntary muscle torque. The training dosage used in our study appears to be optimal because the end result (increased torque production) matches that obtained by others using high dosages of one or more training variables.
The muscle torque gains produced in right legs of our male subjects is consistent with reports of others who found that muscle torque production could be augmented by electrically induced exercise alone. [1] [2] [3] [4] [5] [6] The specified training dosage used in our study incorporated an assemblage of optimal current characteristics that have been used singularly by other investigators. Previous investigators did not incorporate a composite of low-dosage training characteristics in their studies as we did in our study. Some researchers used current intensities sufficient to produce mean torque values ranging from 60% to 87% of MVC produced at pretreatment measurement. Our ES intensity of 50% of MVC along with other specified low-dosage training variables appears to be adequate to improve voluntary muscle torque of men. This stimulus intensity, however, may not be an absolute minimum. A few investigators used ES intensities adjusted to subject tolerance. 1 ' 911 Subject tolerance can vary greatly between individuals and studies, which implies that intensities used by investigators may be greater or lesser than 50% of MVC.
Other studies have used 10 to 25 training sessions for augmenting torque gains. 1, 6, [9] [10] [11] The number of sessions per week and total number of sessions used in our study equal the lowest number used by other investigators. Noteworthy is the number of muscle contractions per session induced in our subjects (eight), which appears to be an absolute minimum among most ES programs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Use of eight muscle contractions was based on the successful augmentation of torque production by knee extensor muscles previously reported by Liu et al. 13 These investigators reported that 8 contractions induced by ES in each training session was significantly better than 6 but no different than 10 contractions for increasing voluntary isometric torque production in women. Results of our study reveal that an ES program using a frequency of 50 pulsed bursts per second at an intensity of 50% of MVC and producing eight muscle contractions per session, twice a week for five weeks, is sufficient to augment voluntary isometric torque production of the quadriceps femoris muscles of healthy men.
The efficacy of ES on the right knee extensor muscles of men as opposed to those of women is unexplained. All subjects received identical stimulus intensities (50% of MVC) and dosage characteristics. Fahey et al found no difference between the torque gains of the knee extensor muscles of the men and women in their six-week ES program. 18 The splitting of the total number of subjects into subgroups by sex in our study created small sample sizes. This arbitrary division of subjects by sex may have contributed to the statistical nonsignificance of mean torque change for the female subjects' knee extensor muscles.
Review of the data on the knee flexor muscles (Tabs. 2, 5, 6) raised two concerns. First, the mean torque values of the left knee flexor muscles were smaller than those of the right leg in each case. These differences may imply a leg dominance for the flexor muscle group, and further investigation is warranted. The second concern is the increased mean torque values of the flexor muscles measured at posttreatment compared with the pretreatment values. Although not statistically significant, the absolute differences ranging from 5.6 to 14.7 N . m for the women and men, respectively, may imply a trend because of the consistency of the torque increases. All torques are unlikely to reveal absolute increases coincidentally if these results are chance occurrences. Cross-education effects from ES have been reported. 2 We believe that these changes may be due to inadvertent stimulation of knee flexor muscles by volume conduction of the ES throughout the thigh. Although both sides (right and left) are implicated by our data, the left knee extensor muscle torque values (unchanged over time) do not support cross-education influences. Co-contraction of the flexor muscles may be a possible explanation for the small gains in right flexor muscle torque because the right limb was stabilized during ES training. This observation of co-contraction during ES has been reported. 3 Because the untreated left leg was not stabilized during ES training, however, the co-contraction phenomenon appears to be an unlikely explanation. The difference of findings (torque gain) between men and women in our study may suggest that torque production by muscle may not be equivalent (or linearly related) to muscular stress (ES). If stress is how we signal the muscle to remodel and if the generation of tension is linearly related to stress, then the women should have responded to ES similarly to the men.
Several subjects reported muscle soreness in their right thighs early in the ES training. The soreness occurred after a A = time (pretest vs posttest), B = side (right vs left), S = subjects.
the first or second ES session, but subsided within two or three days. Muscle soreness has also been reported by other investigators using ES. 19 Muscle soreness resulting from electrically induced exercise may be similar to that initial soreness often experienced by subjects participating in novel active resistive exercise. Further research is needed to explain this phenomenon.
The training dosage used in this study, in most instances, is less than that reported by others using electrically induced contractions to augment muscle torque. Our success in improving torque production through the use of low-dosage training characteristics of ES may be projected to clinical situations where patients using similar low dosages might obtain positive results for augmenting muscle torque. The dosage of eight contractions at 50% of MVC for a total of 10 sessions would potentially be better tolerated by patients than the higher dosages reported previously. Healthy muscle, as used in this report, implies that patients having intact lower motoneurons (eg, patients with stroke, paraplegia, postoperative orthopedic injury) would benefit from an ES program if torque augmentation was warranted.
CONCLUSION
Results of this study indicate that ES of knee extensor muscles using 50 pulsed bursts per second at an intensity sufficient to produce isometric torque equal to 50% of MVC and producing eight contractions per session for 10 sessions will augment quadriceps femoris muscle torque of men.
